We study the cosmological constant (Λ) in the standard ΛCDM model by introducing the graduated dark energy (gDE) characterised by a minimal dynamical deviation from the null inertial mass density of the Λ in the form ρinert ∝ ρ λ < 0 with λ < 1 being a ratio of two odd integers, for which its energy density ρ dynamically takes negative values in the finite past. For large negative values of λ, it creates a phenomenological model described by a smooth function that approximately describes the Λ spontaneously switching sign in the late universe to become positive today. We confront the model with the latest combined observational data sets of PLK+BAO+SN+H. It is striking that the data predict bimodal posterior probability distributions for the parameters of the model along with large negative λ values; the new maximum significantly excludes the Λ, and the old maximum contains the Λ. The improvement in the goodness of the fit for the Λ reaches highly significant levels, ∆χ 2 min = 6.4, for the new maxima, while it remains at insignificant levels, ∆χ 2 min 0.02, for the old maxima. We show that, in contrast to the old maxima, which do not distinguish from the Λ, the new maxima agree with the model-independent H0 measurements, high-precision Ly-α data, and model-independent Omh 2 diagnostic estimates. Our results provide strong hints of a spontaneous sign switch in the cosmological constant and lead us to conjecture that the universe has transitioned from AdS vacua to dS vacua, at a redshift z ≈ 2.32 and triggered the late-time acceleration, and suggests looking for such mechanisms in string theory constructions.
I. INTRODUCTION
The standard Lambda Cold Dark Matter (ΛCDM) model, relying on the inflationary paradigm [1] [2] [3] [4] , has proven so far to be the most successful cosmological model that accounts for the dynamics and the large-scale structure of the universe. It is in excellent agreement with a wide variety of the currently available data [5] [6] [7] [8] [9] . Nevertheless, in addition to its long standing profound theoretical issues relating to the Λ (or conventional vacuum energy) [10] [11] [12] [13] , it has recently begun to suffer from persistent tensions of various degrees of significance between some existing data sets (see, e.g., [14] [15] [16] [17] [18] for further reading). Such tensions are of great importance as detection of even small deviations from the ΛCDM model with high significance could have substantial implications on our understanding of the fundamental theories of physics underpinning it.
One of the most intriguing tensions reported so far is the significant deficiency in the Hubble constant H 0 value predicted by the cosmic microwave background (CMB) Planck data [6, 9] using the base ΛCDM model when compared with the values by direct model-independent local measurements [19] [20] [21] [22] . The fact that this tension worsens for the simplest minimally coupled singlefield quintessence models and is only partially relieved by phantom models (or quintom models) aggravates this tension as it suggests the elimination of these standard Dark Energy (DE) models [24] [25] [26] (see also [32] for further references). Surprisingly, the situation changes if the DE energy density is not restricted to be positive. It has been reported that a number of persistent low-redshift tensions, including the H 0 tension, may be alleviated by a dynamical DE whose energy density can assume negative values at a finite redshift [27] [28] [29] [30] [31] [32] [33] [34] [35] .
The possible need for DE whose energy density can assume negative values was previously emphasised by the observation that, when the base ΛCDM model is considered, the Ly-α forest measurement of the baryon acoustic oscillations (BAO) by the BOSS collaboration prefers a smaller value of the dust density parameter than is preferred by the CMB data [33] . They reported a clear detection of DE consistent with Λ > 0 for z < 1, but with a preference for a DE assuming negative energy density values for z > 1. 6 and argued that the Ly-α data from z ≈ 2.34 can fit a non-monotonic evolution of H(z), i.e., of the total energy density ρ tot (z) -assuming general relativity (GR)-which is difficult to achieve in any model with non-negative DE density [34] . In another study [35] , in line with this, it was argued that the Ly-α data can be accommodated by a physically motivated modified gravity model that alters H(z) itself, and also that a further tension relevant to the Ly-α data can be alleviated in models in which Λ is dynamically screened, implying an effective DE passing below zero and concurrently exhibiting a pole in its equation of state (EoS), at z ∼ 2.4. DE models -either as a physical source or an effective source arising from a modified theory of gravity-assumes negative energy density values have not been paid much attention so far (for reviews on DE and modified the-ories of gravity [36] [37] [38] [39] [40] [41] [42] ). However, such scenarios are in fact familiar from an effective source (say, DE) defined by the collection of all modifications to the usual Einstein field equations in scalar-tensor theories, namely, when the cosmological gravitational coupling strength gets weaker with increasing redshift [43, 44] . A range of other examples of effective sources crossing below zero also exist, including theories in which Λ relaxes from a large initial value via an adjustment mechanism [45, 46] , in cosmological models based on Gauss-Bonnet gravity [47] , in braneworld models [48, 49] , in loop quantum cosmology [50, 51] , in higher-dimensional cosmologies that accommodate dynamical reduction of the internal space [52] [53] [54] [55] , and generalisations of the form of the matter Lagrangian in a non-linear way [56] [57] [58] .
It is possible to seek such scenarios by following a minimalist approach, namely, starting with the minimal extensions to the standard ΛCDM model. The most natural one may be to consider is the addition of positive spatial curvature, e.g., that of the Friedmann-Robertson-Walker (FRW) spacetime which imitates a negative energy density source with an EoS parameter equal to −1/3. It is easy to check that, however, to screen Λ at, e.g., z ∼ 2.4 for Ω Λ,0 ∼ 0.7, its density parameter today is required to be Ω k,0 ∼ −0.06, which contradicts to the inflationary paradigm and is indeed not allowed, e.g., by the joint results by the recent Planck release [9] suggesting spatial flatness to a 1 σ accuracy of 0.2%. If we stay loyal to the inflationary paradigm and then suppose flat space, the simplest source that can realise such a behaviour can be obtained by promoting the null inertial mass density [59, 60] of the vacuum energy (ρ inert = 0) to a negative constant, ρ inert = const < 0. The source ρ inert = const has recently been of interest to many as it mimics Λ today while leading the universe to exhibit a future singularity dubbed as the Little Sibling of the Big Rip for ρ inert = const < 0 and a finite future bounce for ρ inert = const > 0 [61, 62] . However, in the light observational analyses carried out in this paper, ρ inert = const < 0 provides us with neither a superior DE model w.r.t. the Λ, nor an improvement regarding the tensions of interest to us. For instance, the observational data suggest that its energy density changes sign at a redshift larger than 65 (i.e., when it is already negligible) and it is indistinguishable from Λ today (z ∼ 0), so clearly it cannot have consequences on the tensions we are concerned. The simplest next step may be to consider the minimum dynamical deviation from the null inertial mass density, viz., in the form ρ inert ∝ ρ λ < 0 with λ being a real constant. The exponent λ here will provide with us a more featured evolution of the energy density passing below zero at high redshifts. Importantly, for arbitrary large negative values of λ, it resembles a step function in redshift describing a spontaneously sign switching cosmological constant at a certain redshift. Accordingly, it can also be viewed as a phenomenological model described by a smooth function for approximately describing a vacuum energy that switches sign at a certain redshift and becomes positive just recently in the late universe and triggers the acceleration. A source having this form (but considering ρ inert ∝ ρ λ > 0) was first suggested in [63] (see also [64, 65] ) for introducing an intermediate inflationary scenario named graduated inflation. It was physically motivated by the form of bulk viscous stresses in FRW models and their quantum counterparts when the bulk viscosity is proportional to a power of the density.
Accordingly, we shall call this source graduated dark energy (gDE) as in this paper we study the present-day acceleration of the universe. In fact, more recently, it has also been considered as a DE (e.g., [66] [67] [68] [69] ). However, all these works focus on the future singularities and the asymptotic dynamics of the universe by retaining the positivity of the energy density (the cases for the negative energy density are discussed only superficially). In contrast, here, we focus on its dynamics around the present time and utilise its sign-switching energy-density feature to address the tensions that arise within ΛCDM model when the data from the late universe are considered.
Such scenarios, in particular, the sign-switching cosmological constant that arises as a limiting case of the gDE, can be extremely appealing from a string theoretic perspective. Constructing metastable de Sitter (dS) vacua (provided by Λ > 0) has notoriously been a challenging task in string theory and, so far, has not have been concretely achieveded [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . This has led many to suggest that string theory might not have any dS vacua at all [80] [81] [82] [83] [84] . This would obviously have immense implications in cosmology and/or theoretical physics, as it seems to imply an inconsistency between string theory and the universe we live in [85] [86] [87] [88] [89] [90] [91] [92] . In contrast, an AdS (anti-de Sitter) background (provided by Λ < 0) solution naturally arises in string theory or string theory motivated supergravities with broken/unbroken supersymmetry. Furthermore, the AdS space provides a very powerful setup to study various strongly coupled quantum field theories via the AdS/CFT (conformal field theory) correspondence [93, 94] . Contrary to the case of dS, which can only arise with broken supersymmetry, there does seem to exist a large number of consistent AdS backgrounds that can be obtained from string theory. Consequently, if we could show through gDE, that the observational data prefer a DE having ρ ∼ ρ 0 > 0 (positive cosmological constant) for z ∼ 0 (just recently) and ρ ∼ −ρ 0 < 0 (negative cosmological constant) for z 0 (most of the history of the universe), which realises at large negative λ values of gDE, and that the persistent tensions arising within the standard ΛCDM model disappear/relax, this would have far reaching implications for our understanding of the fundamental laws of physics. We will show, by means of gDE, that the observational data provides strong pointers in this direction. This leads us to conjecture that the cosmological constant has spontaneously switched sign and became positive, namely, the universe has transitioned from AdS vacua to dS vacua, at z ∼ 2.3 and triggered the observed late-time acceleration, and we suggest looking for such mechanisms in string theory.
II. GRADUATED DARK ENERGY
The energy-momentum tensor describing an isotropic perfect fluid can be decomposed relative to a unique fourvelocity, u µ , in the form, T µν = (ρ + p)u µ u ν + pg µν , where ρ is the relativistic energy density relative to u µ , p is the isotropic pressure, g µν is the metric tensor, and ∇ ν u µ u µ = 0 and u µ u µ = −1. The set of equations arise from the twice-contracted Bianchi identities, by Einstein field equations, G µν = −κT µν , implies the conservation equations. Projecting parallel and orthogonal to u µ , we obtain the energy and momentum conservation equations, correspondingly,
where ρ inert = ρ + p, the multiplier of the four accelerationu µ , is the inertial mass density [59, 60] . Here, D ν is the spatial gradient (the covariant derivative operator orthogonal to u µ ) defined by D ν f = ∇ ν f + u µḟ ; Θ = D µ u µ is the volume expansion rate and overdots denote derivatives w.r.t. the comoving proper time t. Inspired by [63] , we define a type of DE model, we named as graduated Dark Energy (gDE), which yields an inertial mass density exhibiting power-law dependence to its energy density as follows;
where ρ 0 is positive definite (throughout the paper, subscript 0 attached to any quantity denotes its value today), the parameters γ and λ are real constants. This can be viewed as characterising the minimum dynamical deviation from the null inertial mass density, viz., from the conventional vacuum energy. So that equation of state (EoS) parameter is w = p/ρ = −1 + ρ inert /ρ, and reads
We note that γ = 0 corresponds to the conventional vacuum energy with w = −1 (leading to the ΛCDM model) and λ = 1 corresponds to the perfect fluid with constant EoS parameter w = −1 + γ = const (leading to the wCDM model). From the continuity equation (1), this leads to dρ + 3γρ 0 ρ ρ0 λ da a = 0, which is solved by
which satisfies
We note that w = −1 + γ for today a = 1 (redshift z ≡ −1 + 1 a = 0), w ≈ −1 for sufficiently large and small a, in particular, w → −1 in the far future (a → ∞) and in the very early universe (a → 0). Besides, provided that the parameters γ and λ are chosen appropriately, gDE can achieve transition from ρ > 0 to ρ < 0 at a certain redshift. Thus, gDE can also be viewed as a phenomenological model described by a smooth function for approximately describing the cosmological constant switches sign at a certain redshift and, for instance, becomes positive just recently in the late universe. The gDE (4), in fact, exhibits various types of dynamics depending on its free parameters λ and γ, see [67] for a comprehensive investigation. In this paper, we are interested in the case its energy density passes below zero at high redshifts, which, so far, has not been paid much attention, yet it is the case fitting the scenarios we discussed in the Introduction I that most likely address the tensions relevant to H 0 and, in particular, to the high-precision Ly-α data from z ≈ 2.34. For instance, in the case λ = 0 (ρ inert = γρ 0 ), (4) reduces to ρ = ρ 0 − 3ρ 0 γ ln a, consisting of a constant ρ 0 > 0 mimicking Λ > 0 and a dynamically screening term, −3ρ 0 γ ln a, in the past for γ < 0, viz., ρ 0 − 3ρ 0 γ ln a = 0 at a = e 1 3γ . Yet, the presence of the exponent 1 1−λ in (4) will allow us to realise such a scenario with additional features.
First, we define ρ/ρ 0 = x y along with ρ 0 > 0, where x ≡ 1 + 3γ(λ − 1) ln a and y ≡ 1 1−λ . We note that, unless γ = 0 (conventional vacuum) or λ = 1 (perfect fluid with constant EoS parameter), x changes sign at
which is in the past (a * < 1, the case we are interested in) for γ(λ−1) > 0, and in the future (a * > 1) for γ(λ−1) < 0. Next, y < 0 for λ > 1 so that ρ → ±∞ as a → a * and y > 0 for λ < 1 so that ρ → 0 as a → a * , where the latter case is of interest to us. Thus, we proceed with the following two conditions serving our purpose:
the latter of which implies w(a = 1) < −1, i.e., the gDE must be in the phantom region today. However, the mathematical expressions of the form x y , when x < 0 and y is not an integer, should be treated carefully. The correct result of x y is mathematically welldefined without ambiguity, if it is treated with infinite numeric precision. When x < 0, then x y is real-valued exactly when y can be written as a fraction, m/n, where m is an integer and n is an odd integer. Furthermore, the result is positive when m is even and negative when m is odd. When y cannot be written as such, the result would be an imaginary number. Hence, to get ρ < 0 for a < a * < 1 (or z > z * > 0), we must choose λ < 1 values in accordance with these rules. The lack of continuity for λ arising from this situation would also present a practical problem for the computer models that want to raise negative numbers to fractional powers. Because computers do store fractional numbers employing finite-precision representations, the value stored in memory should always be considered a close approximation to the true value that is being represented. When a negative number is raised to a fractional power, there is no way to know whether that true value is even rational, and if it is, whether it would correspond to the positive or to the negative solution. To get around this issue, when we investigate gDE computationally, we write ρ ρ0 = x y in an equivalent way as ρ ρ0 = sgn(x) |x| y for y = m n with m and n being odd integers, namely,
for Ψ ≡ −3γ(λ − 1) < 0 (i.e., γ < 0), λ < 1 and the exponent 1 1−λ = m n with both m and n being odd integers. For practical reasons, we will consider m = 1 and so λ = −2N with N = 0, 1, 2, ..., i.e., λ = 0, −2, −4, ...). Here sgn is the signum function that reads sgn(x) = −1, 0, 1 for x < 0, x = 0 and x > 0, respectively. Of course, in principle, there are an infinite number of such λ values, not continuous, between the ones we listed above, and so we can treat λ in (9) as if it is continuous since one can always find an allowed λ value indistinguishably close to a forbidden λ value.
Consequently, the gDE-CDM model replaces the Λ of the Friedmann equation of the standard ΛCDM model by the gDE (9) serving our purposes and reads
from which we also read off
where Ψ < 0 and λ = 0, −2, −4, ... (For further possibilities, see (9) and the explanations following it.). Here, the subscripts r and m stand for relativistic source (w r = 1 3 ) and dust matter (w m = 0), respectively.
Regarding inertial mass density (5); when γ < 0, if 1 − λ is odd then λ is even, and consequently we have the exponent λ 1−λ = [even]
[odd] in (5) , which in turn implies that ρ inert ≤ 0, that is, we can write
under the conditions derived above. It turns out that ρ inert = 0 is the upper bound, viz., ρ inert,max = 0. We claimed above that gDE can also be viewed as a phenomenological model described by a smooth function that approximately describes the cosmological constant switching sign at a certain redshift and becoming positive just recently in the late universe. Indeed, under the conditions we consider, ρ(a = 1) > 0 and ρ(a a * )/ρ(a a * ) ≈ −1 along with w(a a * ) ≈ w(a a * ) ≈ −1, which imply the total energy density of the gDE at high redshifts not only passes below zero but also settles in [23] , and H(z = 2.34) = 222.4 ± 5.0 km s −1 Mpc −1 from the latest BAO data [33] . H 0 = 73.52 ± 1.62km s −1 Mpc −1 is independent measurement from Gaia parallaxes [20] . a value almost equal to the negative of its present time value. We note further that for arbitrary large negative values of λ, the energy density equation (11) (or (9)) transforms into a step function;
Thus, for large negative values of λ, gDE model is a very good approximation for describing a Λ spontaneously switching sign at z = z * , namely, in the limit λ → −∞, ρDE ρc,0 = Ω DE,0 for z < z * and ρDE ρc,0 = −Ω DE,0 for z > z * . The following may be useful as a demonstration of how gDE-CDM model works and gives a guide to the values of the parameters of the model. Let us choose a * = e −1 (z * ∼ 1.7) in line with [34] (see Fig.11 in [34] ). This leads to λ = 1 + 1 3γ , where λ must be a large negative number as we must use γ ∼ 0 (it is observationally well known that γ = w 0 + 1 ∼ 0) along with γ < 0 (our condition derived above). For example, γ = −0.03 (or w 0 = −1.03) predicted by the recent Planck release [9] leads to λ ∼ −10. Accordingly, in Fig.1 , we depict ρ(z) ρc,0 , w(z) and H(z)/(1 + z) by considering Ω m,0 = 0.30 along with two different Hubble constant values, H 0 = 70 km s −1 Mpc −1 and H 0 = 73 km s −1 Mpc −1 , for both the ΛCDM model and gDE-CDM model with λ = −10 and γ = −0.03. We note that, in the gDE-CDM model, the steep change in H(z)/(1 + z) at z ∼ z * = 1.7 -due to the sign change/pole of the energy density/EoS of the gDE-allows it to pass through all data points as well as achieve larger H 0 values, whereas in the case of the ΛCDM model, it does not pass through Ly-α data at z = 2.34 and the increased H 0 value worsens this situation. This is signalling that, w.r.t. the Λ, the gDE would lead to improved fit to the observational data and alleviate the tensions of various degrees of significance between some existing data sets within the ΛCDM cosmology. As, in the gDE-CDM model, we have ρ ∼ ρ 0 and w −1 (slightly in phantom region) for z z * (also for z ∼ 0) and ρ ∼ −ρ 0 and w −1 (slightly in quintessence region with negative energy density) for z z * , from phenomenological point of view such an achievement may be signalling that indeed the cosmological constant is responsible for the current acceleration of the universe, but it has changed sign at z * ∼ 2 and was negative at the higher redshifts.
III. CONSTRAINTS FROM THE LATEST COSMOLOGICAL DATA
This section provides constraints on the gDE-CDM model using the latest observational data with a further discussion of the model and its consequences.
In order to perform the parameter-space exploration we implement a modified version of the simple and fast Markov Chain Monte Carlo code which computes expansion rates and distances from the Friedmann equation named SimpleMC [95] and initially introduced in [34] . For a comprehensive review of the cosmological parameter inference see [96] . The SimpleMC code takes into account a compressed version of recent datasets, for instance the Planck information (PLK) (where the CMB is treated as a "BAO experiment" at redshift z = 1090) measured by the angular scale of the sound horizon at that time, a recent analysis of Type Ia supernova (SN) data called Joint Light-curve Analysis compressed into a piece-wise linear function fit over 30 bins evenly spaced in log z, and high-precision Baryon Acoustic Oscillation measurements (BAO), from comoving angular diameter distances, Hubble distance and the volume averaged distance, at different redshifts up to z = 2.36. For a more detailed description about the datasets used see [34] . We also include a collection of currently available cosmic chronometer measurements (H), see [97] .
In this analysis, the radiation content is assumed by considering three neutrino species (N eff = 3.046) with minimum allowed mass m ν = 0.06 eV and a radiation density parameter given by Ω r,0 = 2.469 × Table I summarises the observational constraints on the free parameters -Ω m,0 , h 0 , λ and γ-as well as the derived parameters -Ψ, z * and t 0 (age of the universe today)-of the gDE-CDM model using the combined datasets PLK+BAO+SN+H; and for comparison shows those parameters used on the standard ΛCDM model (γ = 0). The columns for each parameter contain the corresponding mean values and 1 σ errors, according to the number of modes presented on the 1D marginalised posterior distributions. In the last column we list the −2∆ ln L max = ∆χ 2 min values representing the improvement in the fit to the data w.r.t. the ΛCDM. At the outset, we immediately notice that in our analyses the gDE leads to an improvement of up to ∆χ 2 min = 6.4 (corresponding to about 2.5 σ) w.r.t. the cosmological constant. In what follows we discuss in detail how this significant improvement is due to the fact that the gDE-CDM alleviates some of the tensions the ΛCDM experiences.
In Table I , for λ = 0, −2, we observe nothing interesting and no significant improvement to the fit w.r.t. (8) ΛCDM, viz., ∆χ 2 min < 0.02. However, we observe something surprising occurs when λ ≤ −4 (also when λ is free) that the data predict bimodal posterior probability distributions for the parameters of the gDE-CDM, for which we observe two sets of constraint values in each column of Table I . This may also be seen, for example, from the top left panel of Fig. 2 which displays 1D marginalised posterior distributions for the γ parameters. Notice that, for λ ≤ −4, as we move towards the larger negative values of γ, the existence of a second (new) maximum starts appearing significantly far away from γ = 0 (ΛCDM). The first (old) maximum containing γ = 0 is always there, but, when λ ≤ −6, it consistently shrinks with the larger negative values of λ, during which the new maximum is getting relatively much higher and sharper. This implies that the data significantly favour the new maximum over the old maximum when λ −6. Indeed, we read from Table I that the improvement in the fit w.r.t. ΛCDM reaches highly significant levels -e.g., ∆χ 2 min = 6 when λ = −20 and ∆χ 2 min = 6.4 when λ is free-for the new maximum, while it remains always at insignificant levels -∆χ 2 min 0.02 irrespective of the value of λ-for the old maximum. The poor improvement level of ∆χ 2 min 0.02 both in the old maximum (the maximum containing γ = 0 when λ −4 and λ is free, and the single maximum when λ 3) presents no evidence for favouring these over the ΛCDM and the constraints on the parameters for these cases do not show a considerable deviation from those of the ΛCDM. Therefore, in what follows we discard all these cases and proceed our discussions with reference to the ΛCDM (γ = 0), basically, by considering only the new maximum that appear when λ −6, e.g., by considering the one on the left of the pair of constraints given in a column for a parameter of the gDE-CDM in Table I .
The presence of these new maxima has important consequences and may be better explained through the expression (7) . This expression indicates if there exists a sign change in the energy density of the gDE (or a pole in its EoS parameter), it will happen at a redshift
Hence, the quantity Ψ = −3γ(λ−1) determines the position of the pole and, if it is a real one, must yield a unique value irrespective of the values λ and γ. That is, for a given λ, the γ parameter selects its best position such that Ψ remains unchanged, and this can be seen in the right-hand panel of Fig. 2 (see also Table I ). We observe that a peak at Ψ = −0.86 -significantly away from Ψ = 0 (ΛCDM)-emerges when λ = −4 and as λ takes more negative values (see the cases λ ≤ −6) it becomes significantly higher and sharper, fixed at Ψ = −0.86, while the old peak containing Ψ = 0 becomes more prolate and lower. This implies highly significant observational evidence for the sign change of the energy density of the gDE (or pole in its EoS parameter) at the redshift corresponding to Ψ = −0.86. We have shown, according to (14) , in the bottom panel of Fig. 2 , the 1D marginalised posterior distribution of the redshift for this event persistently located at z * ≈ 2.32 (see Table I ). Interestingly, but not surprisingly this particular position agrees with the location of the Ly-α auto and cross-correlation BAO (z = 2.34) data and the works [33] [34] [35] . This suggests such a behaviour of DE for alleviating the tensions besetting this observation. We should note here that the peaks containing Ψ = 0 (ΛCDM) also predict the sign change of the gDE, but we have discarded them for the following reasons. Firstly, these cases correspond to the ones we have discarded above, since they do not present any statistical evidence for being favoured over ΛCDM (the Ψ → 0 limit leading to z * → ∞). Secondly, in our analyses, we observe that these cases predict completely different z * values for different λ values (if they were real the predictions need to have been stable at a certain redshift) and all of which are extremely large (even having redshift values larger than the redshift of the big bang nucleosynthesis epoch) at which dark energy is irrelevant to the cosmological dynamics. The bimodal distribution that Ψ exhibits has a strong impact on the posterior distribution of h 0 , and therefore on the Hubble constant H 0 , which also exhibits a bimodal behaviour. particular γ value (display in pink colour). This bimodal distribution is summarised on the marginalised error bars shown in Fig. 4 . We observe that while the values (green) associated with the old peak containing Ψ ∼ 0 (ΛCDM) agree with the H 0 values measured from the inverse distance ladder (e.g., H 0 = 67.4 ± .5 from Planck 2018 [9] ), the ones (red) associated with the new peak stable at Ψ ∼ −0.86 (away from Ψ = 0) agree with the higher H 0 values measured from the distance ladder measurements (e.g., H 0 = 69.8 ± 0.8 from a recent calibration of the Tip of the Red Giant Branch (TRGB) applied to Type Ia supernovae [22] ). Therefore, the H 0 predicted within the ΛCDM (matching our results from the old peak) has deficiency w.r.t. the TRGB H 0 value, while the ones predicted by the new peak (appears for λ −4) perfectly match with it. It certainly favours the new peak that it predicts a value matching the independent TRGB H 0 value. It is also significant that it uses the distance ladder approach, rather than the inverse distance ladder approach. Also, the latter BAO calibration of H 0 is not completely independent of the Planck measurement, as both H 0 determinations are based on the ΛCDM and its adopted value of the sound horizon scale. Moreover, the independent TRGB H 0 value (so the values from our new peak) agrees with both Planck [9] and Cepheid [19] [20] [21] H 0 values. However, when combined with Cepheid measurements the tension with the Planck value is relieved only at about ∼ 1σ level and still remains significant [22] .
We notice in Table I that the values of the parameters Ψ(γ, λ) -or z * (γ, λ)-and of the other cosmological parameters Ω 0 , h 0 and t 0 are quite stable for λ ≤ −10.
One may see from the last row in Table I that outer contours. The narrow one located at Ψ ∼ −0.86 corresponds to the new maximum, while the wide one corresponds to the old maximum containing the ΛCDM (top-right corner). In the right panel of the same figure we present the 1D posterior distribution of the z * associated with the new maximum, which demonstrates that the redshift at which the gDE energy density changes sign (its EoS parameter exhibits a pole) is stable at z * ∼ 2.32.
It was shown in [35] through the Omh 2 diagnostic (introduced to test the Λ hypothesis in a model-independent way) that the ΛCDM is in tension with the BAO's statistically independent measurements of H(z) at redshifts of 0.57 and 2.34. It was shown that this tension is alleviated in models in which the Λ was dynamically screened (compensated) in the past and that the energy density of such evolving DE models passes below zero (exhibits pole in the effective EoS) at z ∼ 2.4. These are in line with the new maxima of the gDE-CDM, yet in addition the fact that the constant that plays the role of Λ in gDE is embedded into a parenthesis raised to a power renders our model more featured. Therefore, we also investigate gDE in the context of Omh 2 diagnostic. The Omh 2 diagnostic is defined in [35] as follows:
and depends only on H(z). Accordingly, knowing it at two or more redshifts, one can obtain Omh 2 value(s) in a model-independent manner and thence conclude whether or not the DE is a Λ. For the ΛCDM, omitting radiation (negligible in the late universe), we have
For the gDE-CDM, using (10), we have
where have neglected radiation and used the zerocurvature constraint, Ω m,0 + Ω DE,0 = 1. The second line of the Omh 2 (z i ; z j ) for the gDE-CDM emerges as a correction to the one for the ΛCDM. We can calculate the predicted Omh 2 (z i ; z j ) with these two equations for any pair of chosen redshifts using the constraints on the models and then compare the same with the modelindependent estimates obtained by (15) . We calculate, from (15) , the model independent estimates as Omh 2 (z 1 ; z 2 ) = 0.164 ± 0.024, Omh 2 (z 1 ; z 3 ) = 0.123 ± 0.006 and Omh 2 (z 2 ; z 3 ) = 0.119 ± 0.007 by using H(z 1 = 0) = 69.8 ± 0.8 km s −1 Mpc −1 from the TRGB H 0 [22] , H(z 2 = 0.57) = 97.9 ± 3.4 km s −1 Mpc −1 based on the clustering of galaxies in the SDSS-III BOSS DR11 [23] , and H(z 3 = 2.34) = 222.4 ± 5.0 km s −1 Mpc −1 based on the BAO in the Ly-α forest of SDSS DR11 data [33] . We notice that the constraint Omh 2 = 0.140 ± 0.002 (Omh 2 = 0.143 ± 0.001 in Planck 2018 [9] ) we obtained for the ΛCDM is in clear tension with the latter two of these estimates. We see in Table I that, for λ ≤ −10 as All these superiorities in goodness of fit to the observational data arising in the case of the new maxima of the gDE-CDM are obviously consequences of the fact that the energy density of the gDE passes below zero at z * ≈ 2.3 by exhibiting a certain type of dynamics. By using the fgivenx package [100] , we show in the upper panel of Fig. 7 the probability (the more pink implies more probable) distribution of the redshift dependency of the energy density of gDE scaled to the critical energy density of the present-day Universe, viz., ρ DE /ρ c,0 . We observe that gDE, viz., ρ DE (z)/ρ c,0 , does not distinguish from Λ (solid straight black line) at a value ∼ 0.70 for z 2, but it reaches a junction at z ∼ 2.3 and for larger redshifts it either keeps tracking Λ by retaining the value ∼ 0.70 (the one associated with the old maximum and disfavoured by the data) or rapidly changes route and starts to track a new value ∼ −0.70 like a mirror image of the former track at ρ DE = 0 (the case associated with the new maximum and favoured by the data). The rapid sign switch of the gDE energy density at z ∼ 2.3 implies a rapid drop in the total energy density of the Universe, and in H(z), at that redshift. This behaviour of H(z) emerges in association with the new maxima of the gDE-CDM for more negative values of λ, as can be seen in the lower panel of Fig. 7 , reconciles it with the lower H(z) value of the Ly-α data at z = 2.34 with respect to the one predicted by ΛCDM for that redshift. Furthermore, this reconciliation between the gDE-CDM and Ly-α data, in turn, provides the gDE-CDM with easiness in achieving large H(z) values for z 2 and thereby predicts larger H 0 , and so gDE-CDM relieves the H 0 tension that ΛCDM has been suffering from.
We would like to conclude this section by commenting on the implication of the dynamics of gDE that leads to all these reconciliations with the observational data on the nature of the dark energy. First, we note the following features of gDE that we have further understood upon confronting the observational data. We read off from Table I that, for larger negative values of λ, ρ DE /ρ c,0 = 0.70 and w 0 ∼ −1.01 (i.e., in the phantom region but very close to the conventional vacuum energy) at z = 0, its energy density switches sign rapidly (almost spontaneously) at z * ≈ 2.32 (which is quite stable) and settles into a value ρ DE /ρ c,0 ∼ −0.70 (the opposite of its present-day value) and remains (w DE ≈ −1) there for z * 2.3. Next, we observe in the same table that the larger the negative values of λ, the better fit to the data (the larger ∆χ 2 min ). This follows the trend that makes ρ DE (z) increasingly resemble a step function centred at z * with two branches yielding opposite values about zero -a pattern of flat positive energy density for z < z * and flat negative energy density for z > z * , both of which have the same absolute value-and indeed, we know from (13) , that ρ DE transforms into a step function for arbitrary large negative values of λ. The largest negative λ value we considered in our analyses is −27, yet it is easy to check mathematically that considering even larger negative values would not effect our results considerably since, for this value, the function ρ DE (z) already closely resembles a step function. Thus, our results from the new maximum of the gDE for large negative values of λ can safely be interpreted as the results one would obtain for a cosmological constant that achieved its present-day positive value by spontaneously switching sign at z * ∼ 2.3, but was negative in the earlier stage of the universe.
IV. CONCLUSIONS
We have considered a type of dark energy that can be viewed as characterising the minimum dynamical deviation from the null inertial mass density -described by the conventional vacuum (or cosmological constant, Λ)in the form ρ inert ∝ ρ λ with λ being a constant. This source, we called graduated Dark Energy (gDE), presents a wide variety of dynamics which were first studied in the context of inflaton [63] [64] [65] and more recently of dark energy [66] [67] [68] [69] . We focused on its dynamics (which has not been studied in detail so far) that emerges when ρ inert < 0, and λ < 1 is written as a ratio of two odd integers. In this case it yields an energy density that dynamically assumes negative values in the recent past, in line, for instance, with [27] [28] [29] [30] [31] [32] [33] [34] [35] . They proposed such models to address, for instance, the persistent tensions arising between the cosmological constant hypothesis of the standard ΛCDM model and the model independent H 0 measurements and/or high precision Ly-α measurements of BAO. Importantly, for large negative values of λ, gDE presents a phenomenological model described by a smooth function. It approximately describes the cosmological constant spontaneously switching sign at a certain redshift to become positive quite recently in the late universe. In particular, it transforms into a step function for arbitrary large negative λ values.
We have confronted the gDE-CDM model, replaced the Λ hypothesis by the gDE, with the latest combined observational data sets of PLK+BAO+SN+H. We have observed that something striking occurs when λ ≤ −4 (also when λ is free): that the data predicts bimodal posterior probability distributions for the parameters of the gDE-CDM model: new maxima significantly far away from γ = 0 (ΛCDM), and old maxima containing γ = 0. The improvement in the goodness of the fit with respect to the Λ reaches highly significant levels -e.g., ∆χ 2 min = 6 when λ = −20 and ∆χ 2 min = 6.4 when λ is free-for the new maxima, while it remains always at insignificant levels -∆χ 2 min 0.02, irrespective of the value of λ-for the old maxima. We have shown that, in contrast to the old maxima covering the ΛCDM model, these new maxima of the gDE-CDM model also agree with the modelindependent H 0 measurements, high-precision Ly-α data, and model-independent Omh 2 diagnostic estimates.
We have demonstrated that the superior features endowed by the new maxima of the gDE-CDM model are due to that the energy density of the gDE rapidly changing sign at the redshift z ≈ 2.3 (shown to be quite stable in our observational analysis) and this in turn leads to a rapid drop in the total energy density of the universe, and in H(z), at the same redshift. It has turned out that this happens for large negative values of λ, which renders the redshift dependency of the gDE density close to a step function, which to a good approximation describes a cosmological constant spontaneously switching sign. Therefore, our findings, by means of gDE in the light of observational data, provide strong hints of a spontaneous sign switch in the cosmological constant. This leads us to conjecture that the cosmological constant has spontaneously switched sign and became positive, namely, the universe has transitioned from AdS vacua to dS vacua, at z ≈ 2.32 and triggered the late-time acceleration. This suggests looking for such mechanisms in string theory constructions. The fact that constructing metastable dS and/or AdS in string theory occupy a key place in the string theory investigations, indicates that the future confirmation or falsification of our conjecture would have far reaching implications for fundamental theoretical physics as well as for the identity of the dark energy.
